INTRODUCTION
Germanium is a material with optimal infrared (IR) transmission properties but poor mechanical properties [I] . As a result, repeated water drop impacts on polished Ge windows with velocities greater than 170 mls produce considerable amounts of surface and subsurface damage (see Figure 1 ). This results in IR transmission loss through these windows [2] . The mechanics of the water drop/solid surface interaction has been amply described in the literature [3] and will not be discussed here. In order to maintain optimum IR system performance, one needs to monitor the damage evolution on these windows. The technique required should be fast, quantitative, non-contacting and easy to interpret. In this paper we examine the use of light scatterometry as a possible approach for monitoring damage evolution.
Light scattering techniques are currently being used for examining the surface quality of various optical components [4] . The statistical parameters that characterize surface roughness [5] can readily be obtained from light scatter measurements [6] . To do this one needs a scattering model that correlates surface properties with the scattering fields. A rigorous scattering theory has proven to be an extremely difficult problem to solve. Over the years a number of general formalisms have appeared with varying degrees of approximation [7] . A very successful approach is that using the Kirchhoff approximation [8] . This model fails when the surface roughness features have radii of curvature smaller than the wavelength of light used and also it does not take into account multiple scattering events or shadowing effects. As shown in Figure 1 , water drop impact damage on Ge IR windows tend to follow cleavage planes and are therefore atomically sharp. Also, the fractured surfaces are very steep so that one expects that shadowing and multiple scattering effects will be prevalent. A simple model has been developed that takes into account these effects and is able to accurately follow the experimental measurements.
EXPERIMENTAL
The samples used in this study were purchased from the Optical Corporation of America and were 1" in diameter by 1/4" thick Ge disks. Microstructural analysis revealed that the samples where mostly single crystal in nature but with a few large twins. Due to the fact that the twin regions were much larger than any typical impact region, it was assumed that the samples were perfect single crystals. One side of each sample was polished using single point diamond turning techniques at the manufacturers site. Samples were polished so as to remove any imperfection from their surface that would act as a stress concentrator.
The rms roughness introduced by polishing was smaller than 20 A and the amount of scattered radiation from this roughness contribution was more than one order of magnitude smaller than that coming from the sample with the shortest exposure time to water drop impacts. Therefore, this scatter contribution was not considered in our analysis.
Two methods were used to produce liquid impact damage. The first method used a liquid jet impact apparatus [9] fabricated by the Cavendish laboratories. In this method a liquid jet is produced by the device that simulates a water drop impact [lO] . Using this apparatus one can study, in a drop by drop mode, the water-drop/solid-surface interactions. The second method used the whirling arm test facility at the US Air Force Wright Patterson Laboratories. In the whirling arm facility, a sample is mounted on a 22 foot arm that rotates at a desired velocity (in our study we used 210 mls for all of our samples) in a simulated rain environment. In our experiments the rate of rain fall was 1 "/hour and four samples were exposed for 5, 10, 15 and 20 minutes respectively.
A simplified sketch of the light scatter apparatus [11] used to characterize the damaged surface of the specimens is shown in Figure 2 . It consists of the following parts: a diode laser, the output of which was directed towards the surface of the sample with an angle of incidence of 10 0 relative to the sample normal, a sample holder with computer controlled x-y movement and a pair of scatter detectors located in the plane of the incident beam and the sample normal. The operating wavelength of the laser was 0.67 microns, the beam spot size on the sample surface was measured to be 3 mm and the laser power was 2.5 mW. The first detector was used for sample alignment and for monitoring the specular component of the scattered field. The second detector was normally positioned at 4 0 degrees relative to the specular beam (as shown in Fig. 2 ) but could be easily positioned at other angles. In a typical scatter measurement, the entire surface of the sample was rastered and a color coded computer surface map was produced that reflected the amount of times with water drops moving at 300 mls.
scatter from each individual surface spot. The quantity that is experimentally measured is the Bidirectional Scatter Distribution Function (BSDF) [12] which is defined as BSDF = Ps/.os PI· cos(8s)
Where P s = JoIsd.o is the scattered power into the solid angle.o s defined by the detectors sensor area and PI is the incident power on the sample surface. For small solid angles .os, one can approximate the BSDF by Is/PIcos(8).
In order to correlate the amount of scattered radiation to the amount of surface damage, quantitative surface analysis was performed using a Image Analysing Computer. This instrument is able to count the number of pits on the surface of the sample, measure their area and produce a pit size distribution curve. Figure 3 shows the pit size distribution curves for the 5, 10, 15 and 20 minutes whirled samples and Fig. 4 shows the same curves for the Liquid Jet samples after 2,4,6, 8 and 10 water drop impacts at 300 mls .
RESULTS AND DISCUSSION
From the pit size distribution curves it is clear that as the samples where exposed for longer periods of time to water drop impacts the number of pits and their size increased. It is interesting to notice that the sample that was exposed for 20 minutes to the rainy environment using the whirling arm (Fig 3) , has a distribution curve with a smaller amplitude than that exposed for only 15 minutes but it's shifted towards larger pits. We interpreted the first 15 minutes as an embryonic stage where pits are being nucleated at a constant rate (the area under the curves increases linearly with exposure time) while after that time pit-pit interaction starts to dominate. At this point smaller pits coalesce into larger ones. The distribution curves for the liquid jet impact samples with liquid drop impact velocity of 300 mls (Figure 4) show a steady increase in the number and size of pits. At higher impact velocities (350 mls and 400 mis, not shown) we observed a rapid drop in the amplitude of the distribution curves, in a similar way as that shown by the sample exposed for 20 minutes to rain in the whirling arm test. Fracture Area Figure 6 . Plot of the amount ofscatte-red radiation as a function of the total fracture area (x 10 6 11m2) after 2,4,6,8 and 10 water drop impacts at 300 mls.
To correlate the amount of damage to the amount of scatter we performed light scatter experiments on all the previous samples, using the apparatus described previously, and plotted the average BRDF values as a function of the total surface fractured area (the total surface fracture area is equal to the area under the pit size distribution curves). Figures  5 and 6 show the average BRDF values for all the samples plotted as a function of total fracture area. The important thing about these plots is their linear behavior indicating that scatter linearly correlates to the amount of surface damage. We have performed measurements at different scatter angles besides 14 0 (20 0 , 30 0 ) and in every case the average amount of light scattered correlated very well with the amount of total surface fracture. The fact that scatter correlates linearly to the total fracture area, indicates that light scattering measurements can be used to monitor damage in these windows in a simple way. In the next section we proceed to develop a light scattering model that fits the experimental data reasonably well. The only input to the model will be the pit size distribution.
SCATTER MODEL
A simple model has been developed that explains the linear correlation between surface damage and amount oflight scatter. The following approximations have been used in this model:
-The opaque pit approximation -The random pit approximation -The square pit approximation -The Kirchhoff Scalar scatter approximation
In the following paragraphs, we will explain the motivation for each approximation and its range of validity. 
Approximation
If one examines the photmicrograph presented in this paper, it becomes clear that the pits appear completely dark in a light background. By examining cross sections of these samples (Fig. 1) it becomes immediately obvious that multiple scattering events must be taking place due to the sharp angles prevalent in the pits. Since, for Ge, 50 % of the radiation is absorbed on every reflection, the amount of radiation that might escape any given pit will be very small. Further more, there are extensive regions of the pit that are being shadowed and therefore will not contribute extensively to the scattering fields. Under these circumstances we make the approximation that all of the pits are completely opaque with the same size as the original surface pit area (see Fig. 7 ). We call this approximation the "opaque pit approximation". This approximation completely removes the actual geometry of the pit and makes the edges of the pit the main contributors to the scattering fields. It is expected that this approximation will start to fail for very shallow pits. This circumstance is revealed after extensive damage is introduced to the windows.
If one applies Babinoet's principle [13] , which states that the scattering fields of a given screen are identical to the scattering fields of the complementary screen, then the total scattered field from the pitted surface of our samples will be equal to the sum of the scattering fields from each individual pit Escatter(8) = I Epits(8) (2) pits where Epit is the scattered field produced by one pit. The experimental quantity of interest IS not the electric field but the intensity, which is proportional to the square of the total electric field.
where Ipit is the scattered radiation of one pit. Since the distribution of all the pits is random, we can assume that the average contribution of the interference terms will tend to zero. Therefore we can approximate the total scattered intensity as simply the sum of all the scattered intensities from each individual pit
pits this approximation is termed the random phase approximation. This approximation will break down when the number of pits in an illuminated spot on the sample is of the order of one. In all the samples studied the number of pits was of the order of 10 2 and therefore the approximation is valid.
In order to make further progress, a specific form has to be assigned to the scattered fields from any single pit. For this purpose we have introduced the simplifying approximation that all of the pits are square in nature. This is a very crude approximation but, since we are only interested in the scattering fields along one direction and in general, for a given pit size, there will always be as many pits that scatter more than there square counterpart as there will be pits that scatter less than there square counterpart, in average we can assume it to be correct. This type of approximation is termed the square pit approximation. This approximation will break down if the pits are elongated in nature and at the same time their major axis direction distribution is not isotropic. All the samples studied showed an isotropic pit distribution. Ifwe now use Kirchhoff scalar diffraction theory for a square opening we get that the general form of the scattered fields from a pit is given by, 
where I(8,8in,d) = E(8,8in,d)2 is the square of the electric field. If we first substitute the experimental pit size distribution curves ( Figures 3 and 4) into Equation 6 and then Eq. 6 into Eq. 1 and plot these curves together with the experimental ones (Figures 8 and 9 ), we can see that the agreement between experiment and theory is good. Figure 8 shows the experimental (solid symbols) and theoretical (open symbols) scattering curves for the whirling arm samples after 5, 10, 15 and 20 minutes of exposure to the rainy environment. Three different scattering angles where used. It is clear from the figures that the agreement between experiment and theory is reasonably good. Figure 9 shows the experimental scatter curves (solid symbols) together with the theoretical ones (from equation 6, open circles) for the liquid drop impact samples. We start to see a deviation from experimental and theoretical results only after 10 impacts. After these many impacts, we observed several very large pits in the surface of the sample. At this point, as was mentioned before, the model starts to break down. In general we can state that the agreement between experiment and theory was very good for all scatter angles, all times and for both types of damaging techniques.
CONCLUSION
Many of the limitations of the model were pointed out in previous sections. Experimental results (not shown in this paper) using the liquid jet impact apparatus with water drop velocities higher than 300 mls showed a deviation from the theoretical model towards higher values than the experimental ones. We believe this to be a result of the relatively large pits found at larger velocities and therefore the opaque pit approximation starts losing its validity. One final limitation of the model is that since our model is very sensitive to pits with large area and these are not very well characterized by the pit size distribution, we are bound to introduce some discrepancies between experimental results and experimental measurements. A refinement in the pit size distribution curve will provide better results.
To summarize, we have experimentally shown that light scatter provides a direct correlation to the amount of surface damage in these windows and therefore proven it to be an ideal NDE tool to assess damage in Ge windows. We have also developed a model that accurately describes the effects of surface damage on the scattering fields and have also defined the operational limits of this model.
